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INTRODUCTION
Ethanol intake in man (1) (2) (3) and experimental animals (3) (4) (5) (6) (7) is associated with a rise in serum and liver triglyceride levels. Hypertriglyceridemia during ethanol intake has been attributed to reduced plasma triglyceride clearance (3, 6, 8) or to a rise in hepatic triglyceride (5, 6, (9) (10) (11) (12) (13) (14) (15) and very low density lipoprotein production (3, 6) . The mechanism of the increase in hepatic triglyceride biosynthesis during ethanol ingestion is not clear. Elevated hepatic levels of fatty acids (3, 10, 16) and sn-glycerol-3-phosphate (3, 7, 9, 17, 18) during ethanol consumption may contribute to the rise in hepatic glycerolipid biosynthesis. Alternatively, A preliminary report of this research was presented on 4 April 1977 in Chicago, Ill., at the annual meeting of the Federation of American Societies for Experimental Biology.
Received for publication 24 February 1978 and in revised form 15 September 1978. 14 enhanced activity of various enzymatic reactions in hepatic glycerolipid biosynthesis during ethanol intake could accelerate hepatic triglyceride formation (10) (11) (12) (13) (14) (15) . The latter possibility was evaluated in these studies by measuring the rate of hepatic triglyceride formation in vivo and in vitro after acute and chronic ethanol intake in the hamster. Experimental procedure. Groups of male Golden Syrian hamsters (four to six animals) weighing 90-100 g were used in these studies because this rodent readily consumes ethanol. In the chronic ethanol experiments (1-6 wk), three groups of animals received one of the following diets. One group (ethanol) had free access to chow and drinking water that contained 20% ethanol (wt/vol). Another group (carbohydrate) received glucose in drinking water and chow that was isocalorically equivalent to the ethanol and chow consumed by the ethanol group. The third group (control) was given water and chow ad lib. The chow intake of each group was measured in these experiments, and the control group consumed a significantly larger amount than the other two. Total caloric intake for each group was similar and ranged from 29-32 calories/day per 100 g body wt. There was no significant difference in the weight gained by each animal group. Ethanol and glucose comprised 40-50% of the caloric intake in the appropriate dietary group. The liquid diets described by Thompson and Reitz (19) for rats were inappropriate because the hamsters refused to ingest them. However, hamsters readily ingest the alcohol-water mixture. In the acute ethanol experiments, the experimental and control groups were given by oral intubation aliquots of a 50% (wt/vol) absolute ethanol or 87.5% (wt/vol) glucose water solution to produce a dose of 5 or 8.75 g/kg body wt of ethanol or glucose, respectively. In some acute experiments a group of animals received a volume of water equivalent to the liquid administered to the glucose-and ethanol-treated animals. All animals in the acute studies were fasted after receiving the oral dose of glucose, ethanol, or water.
The incorporation of intraperitoneally administered [1,3-14C]glycerol (2.5 , uCi) into hepatic glycerolipids was determined as previously outlined (20, 21) except that the animals were sacrificed 30 min after the injection of labeled glycerol, when radioactivity was maximum in liver triglyceride. The time-course of hepatic triglyceride formation from [1,3-14C] glycerol was similar to that reported by Adams et al. (20) for rat liver.
Liver homogenates and microsomes were prepared in 0.225 M sucrose containing 2.5 mM EDTA and 0.05 M Tris-HCl pH 7.5 as described previously for rat liver (22) . The standard incubation mixture (*), which was optimum for measuring the incorporation of sn- [1,3- (21, 22) , and individual compounds identified by thin-layer chromatography as previously described (21) (22) (23) (24) (25) .
Total lipid formation (neutral lipid plus phospholipid)
during the standard incubation (*) was used as a measure ofsn-glycerol-3-phosphate acyltransferase activity. Enzymatic reaction rates determined with this technique (Table II) in liver microsomes isolated from hamsters exposed to isocaloric amounts of ethanol and glucose for 1 wk were similar to that observed when palmitoyl coenzyme A (CoA)' replaced ATP, CoA and palmitate in the incubation mixture (21) . However, the acyl CoA-generating system had several advantages: (a) the continual production of substrate permitted longer incubation periods; (b) labeling of neutral lipids was greater; (c) the detergent effect of micellar levels of long-chain acyl CoA derivatives was prevented. (25) . Although Ca2+ inhibited phosphatidate phosphohydrolase activity (25) , it substituted for Mg2+ in the formation of long-chain fatty acyl CoA compounds by thiokinase. After an initial incubation of 20 min, 1.5 ,Lmol of EGTA (0.05 ml) was added and 30 s later 1 ,mol of MgCl2 (0.05 ml) was also added to the mixture and the reaction continued an additional 10 min. Neutral lipid formation was linear throughout the 10-min time period. Phos-1 Abbreviation used in this paper: CoA, coenzyme A.
phatidate phosphohydrolase activity was also measured in the 105,000 g supernate and the fraction of supernate precipitated by 40% saturated (NH4)2S04 (25) . This was accomplished by incubating the standard incubation mixture with microsomes for 20 min before adding supernatant protein and continuing the incubation for an additional 10-min period. The neutral lipid formed in the absence of supernatant protein was subtracted from the supernatant incubations to correct for microsomal neutral lipid formation. All incubations were terminated and lipids extracted and identified as described above. Neutral lipid formation (primarily diglyceride) during the second incubation period (10 min) was used to estimate microsomal and supernatant phosphatidate phosphohydrolase activity. These techniques for determination of microsomal and supernatant phosphatidate phosphohydrolase gave results similar to those obtained with other techniques previously described by this laboratory (21, 25, 26) . Liver triglyceride concentrations were measured as described by Haux and Natelson (27) . Homogenate and microsomal protein levels were determined as outlined by Lowry et al. (28) . Table I shows the effect of acute (3 and 20 h) and chronic (1 and 6 wk) ethanol and glucose intake on serum and hepatic triglyceride concentrations. At all time periods, serum triglyceride levels were approximately twofold higher in animals receiving ethanol when compared with those given an isocaloric amount of glucose. However, hepatic triglyceride content showed only a modest increase after either acute or chronic ethanol ingestion. Groups of male Sprague-Dawley rats given ethanol or glucose under these same conditions showed similar changes in serum triglyceride content.
RESULTS
Ethanol-induced increases in hepatic and serum triglyceride levels may have resulted from a rise in the rate of hepatic triglyceride biosynthesis. Therefore, studies were conducted to measure the incorporation of intraperitoneally administered [1,3-14C] glycerol into hepatic neutral lipids at different periods after acute ( Fig. 1) and chronic (Fig. 2) ethanol intake. Fig. 1 indicates that hamsters given a single dose of ethanol (5 g/kg) showed a rapid, but brief, rise in hepatic neutral lipid formation in vivo, when compared with controls administered an isocaloric amount of glucose (8.75 g/kg). However, chronic ethanol administration (Fig. 2) produced a sustained increase in hepatic neutral lipid production from [1,3-14C] glycerol. The ethanol-induced increase in hepatic triglyceride production associated with acute ethanol administration could result from increased fatty acid production if fatty acid oxidation were decreased and esterification was nonlimiting. One report suggests that ethanol intake does not increase hepatic fatty acid synthesis (18) , although acute ethanol ingestion may increase serum free fatty acids. Alternatively, ethanol intake could induce an increase in the capacity of liver to Fig. 3 ). Table II shows the effect of acute (3 h) and chronic (1 wk) ethanol or glucose intake on the incorporation of sn[1,3-14C]glycerol-3-phosphate into neutral lipid, phospholipid, and total glycerolipids (total) by hamster liver homogenates and microsomal fractions. Total glycerolipid formation was used as a measure of snglycerol-3-phosphate acyltransferase activity. Inasmuch as maximum lipid production, as measured in vitro, was not elevated by acute or chronic ethanol intake, it seems unlikely that alterations in snglycerol-3-phosphate acyltransferase activity are responsible for the ethanol-induced rise in hepatic triglyceride production (13) . However, ethanol intake did increase hepatic neutral lipid (diglyceride and triglyceride) production and the neutral lipid/phospholipid ratio at all exposure periods. The neutral lipidlphospholipid ratio is an indirect but reliable (25, 26) indicator of phosphatidate phosphohydrolase activity. Furthermore, a similar increase in activity was found when microsomal phosphatidate phosphohydrolase activity was measured directly ( ethanol intake increases the enzymatic capacity for hepatic neutral lipid production by raising total phosphatidate phosphohydrolase activity. Fig. 4 shows the time-course of sn [1,3-14C] glycerol-3-phosphate incorporation into neutral lipids by hamster liver microsomes after acute administration of ethanol (5 g/kg) or glucose (8.7 g/kg). The rapid rise in the rate of neutral lipid formation after ethanol intake was sustained for 10-12 h. Because the data presented in Table II suggested that increased conversion of phosphatidic acid to neutral lipid occurred during ethanol treatment, microsomal phosphatidate phosphohydrolase activity was measured directly using membrane-bound phosphatidate as substrate after acute ethanol intake. The results demonstrate that phosphatidate phosphohydrolase activity increases in a manner similar to the ethanol-induced rise in neutral lipid production (Fig. 4) . The absolute increase in phosphohydrolase activity is greater than the rise in neutral lipid formation shown in Fig. 4 because higher levels of microsomal phosphatidate substrate were used under these incubation conditions. The time-course of the ethanol-induced change in hepatic neutral lipid production as measured in vivo ( Fig. 1 ) and in vitro (Fig. 4) and the rise in microsomal phosphatidate phosphohydrolase activity (Fig.  5 ) are all similar, supporting the concept that phosphatidate phosphohydrolase activity is an important determinant of hepatic triglyceride production in vivo.
DISCUSSION
Acute and chronic ethanol intake is associated with a rise in serum and liver triglyceride levels (1-6). The results presented here support these observations. Several previous studies indicated that alcohol consumption increased hepatic (3, 5, 6, (9) (10) (11) (12) (13) (14) (15) and intestinal (29-31) triglyceride production. However, the mechanism by which ethanol elevates glyceride formation is not clear. Increases in hepatic fatty acid and sn-glycerol-3-phosphate concentrations may provide substrate for the rise in hepatic triglyceride formation in vivo (3, 7, 9, 10, 12, 17, 18, 32) . However, the rise in hepatic glycerolipid formation measured in vitro, as reported here and previously (11) (12) (13) (14) ,
indicates that ethanol intake also increases the capacity to synthesize glycerolipids by liver. The greater rise in glycerolipid formation (Figs. 4 and 5) than in hepatic triglyceride content (Table I) is not surprising because serum triglyceride levels also are elevated (Table I) , presumably by increased release of very low density lipoprotein from liver. The major pathway of hepatic glycerolipid biosynthesis is the sn-glycerol-3-phosphate pathway (33) . Optimum rates in vitro for each reaction of this pathway in rat liver microsomes have been determined (25) . The latter studies indicate that two enzymes, sn-glycerol-3-phosphate acyltransferase and phosphatidate phosphohydrolase are rate-limiting in the formation and metabolism of phosphatidic acid, respectively. Joly et al. (13) noted that chronic ethanol intake of >24 d elevated hepatic microsomal snglycerol-3-phosphate acyltransferase activity by 73%. Our studies (14) , however, indicate that acute and chronic ethanol feeding does not cause a significant rise in microsomal sn-glycerol-3-phosphate acyltransferase activity as measured by our methods. This discrepancy may be attributed to differences in experimental techniques and animal models. In contrast, microsomal and supernatant phosphatidate phosphohydrolase showed alterations in activity that correlated well with ethanol-induced increases in hepatic triglyceride formation as measured both in vivo and in vitro. Other investigators have also demonstrated that acute ethanol intake increases hepatic supernatant phosphatidate phosphohydrolase activity (11, 12) . At present, it is uncertain whether microsomal and supernatant phosphatidate phosphohydrolase activities are distinct enzymes. The differ- Hours FIGURE 5 The conversion of labeled membrane-bound phosphatidic acid (PA) to diglyceride (DG) by microsomes isolated from livers of hamsters exposed to a single dose of ethanol (5 g/kg) or glucose (8.75 g/kg) for various time periods. Each determination represents the mean of four to five animals and the SEM is indicated by the brackets. ences in enzyme characteristics reported previously from this laboratory (25) may have resulted from release of the enzyme from the lipid environment of the microsomal membrane. Alternatively, the two activities could have different specificities or functions as yet unrecognized. Nevertheless, both supernatant and microsomal phosphatidate phosphohydrolase showed similar increases in activity after ethanol administration, which is consistent with other evidence that phosphatidate phosphohydrolase is important in the regulation of hepatic triglyceride formation during high sugar intake (26, 33) , fasting (34) , hepatectomy (35) , obesity (36) , diabetes (37), toxin exposure (38, 39) , and exposure to lipid-lowering agents (21, 40) . Hence, phosphatidate phosphohydrolase appears to possess characteristics of a ratecontrolling reaction because (a) it regulates a branch point between phospholipid and triglyceride biosynthesis; (b) it has a lower reaction rate in vitro than other enzymes involved in glycerolipid biosynthesis; and (c) it exhibits rapid responses in activity under various physiological and nutritional conditions.
At present, the mechanism of the ethanol-induced increase in phosphatidate phosphohydrolase is unknown. The rapid rise in activity with acute ethanol intake (4 h) suggests that either phosphatidate phosphohydrolase content rapidly increases or a preexisting enzyme is activated.
Recent studies (41) using hepatocyte monolayers indicate that cells exposed to ethanol in vitro also demonstrate a significant rise in phosphatidate phosphohydrolase activity. Ethanol-induced increases in hepatocyte phosphatidate phosphohydrolase activity are reduced by simultaneously exposing hepatocyte monolayers to either pyrazole or cycloheximide. These results suggest that a metabolite of ethanol increases phosphatidate phosphohydrolase activity, and the rise in enzymatic activity may be a result of an increase in enzyme content. The latter hypothesis is supported by the observation of Mangiapane et al. (35) that actinomycin D administration can block the rise in hepatic phosphatidate phosphohydrolase activity after partial hepatectomy.
